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DOI: 10.1039/c1ce05683bFive mixed-ligand Ag(I) coordination complexes (CCs), namely, [Ag2(dmt)2(suc)$H2O]n (1),
[Ag2(dmt)2(suc)(H2O)$0.5H2O] (2), [Ag2(dmt)2(glu)]n (3), [Ag2(dmt)2(adip)]n (4), and [Ag2(dmt)2(tpa)]n
(5) (dmt¼ 2,4-diamino-6-methyl-1,3,5-triazine, H2suc¼ succinic acid, H2glu¼ glutaric acid, H2adip¼
adipic acid, H2tpa ¼ terephthalic acid), have been synthesized through a one-pot ultrasonic reaction of
AgNO3, dmt and different dicarboxylates and characterized by elemental analysis, IR spectroscopy,
and X-ray single-crystal diffraction. Complexes 1 and 2 formed in different solvent systems (methanol/
acetonitrile for 1 and methanol/ethanol for 2) exhibit a two-dimensional (2D) sheet and a zero-
dimensional (0D) tetranuclear motif, respectively. Different solvent systems influence the coordination
modes (m2-N,N
0 for 1 and m1-N for 2) of dmt and the conformations (anti for 1 and gauche for 2) of the
suc anion; as a result, two diverse structures are produced. Complex 3 is a one-dimensional (1D) chain
structure running along the a axis constructed from the [Ag2(m1-dmt)2] subunit and the gauche–gauche
m5-h
1:h1:h1:h2 glu ligand. Similarly, complex 4 is also a 1D chain structure, but the adip ligand adopts
an anti–anti–anti conformation to link the [Ag2(m1-dmt)2] subunit to complete the 1D chain. Complex 5
is a complicated 3D framework built from a tetrahedral Ag(I) center, a quadridentate tpa and an
angular bidentate dmt ligand which can be simplified as a new (2,4,4)-connected 3-nodal net with the
Schl€afli symbol of {4.84.12}2{4
2.82.102}{8}2. The results show that the dicarboxylate and the solvent
system play crucial roles in the formation of the resulting structures. Additionally, results about
thermogravimetric curves and photoluminescence spectra were discussed.1. Introduction
As a kind of promising inorganic–organic hybrid materials built
from metal ions and organic ligands, coordination complexes
(CCs) have been extensively advanced in the past decades. The
persistent driving forces in this field are primarily kept by the
fundamental significance of the assembly phenomenon of small
building units to complicated architectures, intriguing topolo-
gies, and potential applications in heterogeneous catalysis, drug
delivery, magnetism, nonlinear optics, luminescence, and gas
storage/separation.1 In spite of many Ag(I)-based CCs being
obtained by various synthetic strategies such as secondary
building units (SBUs), in situ ligand formation reactions,State Key Laboratory of Physical Chemistry of Solid Surface and
Department of Chemistry, College of Chemistry and Chemical
Engineering, Xiamen University, Xiamen, China. E-mail: rbhuang@xmu.
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This journal is ª The Royal Society of Chemistry 2011template-induced and so on,2 it is still an open question for
chemists to forecast and control the structure of CCs because
many factors control the intricate assembly, such as (i) the
coordination geometry favored by the metal, the counter ion and
the geometric structure of the ligands chosen;3 (ii) reaction
conditions such as the pH value of the solution,4 solvent,5
temperature,6 template, metal-to-ligand ratio and the method of
crystallization;7 and (iii) the secondary forces such as hydrogen-
bonding, p/p stacking, metal/metal interactions based on d10
metal cations, anion/p, C–H/p and metal/p interactions.8
Different from other transition metal ions, Ag(I) has a high
affinity for O and N donors, variable coordination number from
two to eight as well as versatile geometries, such as ‘‘linear’’, ‘‘T-
shaped’’, ‘‘square-planar’’, ‘‘tetrahedral’’, ‘‘square-pyramidal’’,
‘‘trigonal-bipyramidal’’ and ‘‘octahedral’’ coordination geome-
tries, and so forth.9 Furthermore, Ag(I) with a d10 closed-shell
electronic configuration tends to form argentophilic interaction
which has an important influence on the formation of poly-
metallic clusters.10 Hence, the Ag(I) was extensively used as
a metallic node in constructing novel structural motifs.11
The 2,4-diamino-6-methyl-1,3,5-triazine (dmt) with a 120





























































View Onlineamino-containing N-heterocyclic ligand which can bind up to
five metal centers and may exhibit diverse metal binding patterns
such as the endocyclic nitrogen atom12 or the exocyclic nitrogen
atom of the amino group,13 occasionally in equilibrium,14 and
simultaneously at both positions, either in a chelating or in
a bridging fashion,15 inferring from our and other group’s work.
Moreover, the presence of the amino groups of dmt could lead to
formation of hydrogen bonds with either endocyclic nitrogen
atoms or solvent molecules as well as anions. It is also note-
worthy that the triazine is a good candidate of the p-acidic
system to form anion/p interaction16 based on some experi-
mental and extensive theoretical studies, when endocyclic
nitrogen atoms coordinate with metal centers. On the other
hand, the long chain dicarboxylates are important auxiliary
organic ligands and have been widely used as good candidates for
building CCs because of diverse coordination modes17 of the
carboxyl group (e.g. terminal monodentate, chelating to one
metal atom and bridging bidentate in different fashions) and
conformations18 of the flexible aliphatic carbon backbone of the
dicarboxylate (e.g. anti, gauche for suc; anti–anti, anti–gauche,
gauche–gauche for glu and gauche–anti–gauche, anti–anti–anti,
anti–anti–gauche, anti–gauche–anti for adip). Although fasci-
nating structures and properties of silver(I) CCs have been widely
investigated, to the best of our knowledge, only limited silver(I)-
dmt CCs have been documented to date,19 and the silver(I)-dmt
incorporating auxiliary ligand system has not appeared till now.
Recently the employment of mixed ligands during the self-
assembly process has gradually become an effective approach,
which is expected to obtain CCs with more diverse structural
motifs compared to using a single kind of ligands.20
Taking into account the points aforementioned and consid-
ering our previous work,21 we envisaged the self-assembly of Ag
(I) with dmt and auxiliary dicarboxylates and investigated the
influence of auxiliary ligands on the structure of the resultant
CCs as well as their properties. In this paper, we report the
syntheses, crystal structures and properties of five new mixed-
ligand CCs, namely, [Ag2(dmt)2(suc)$H2O]n (1), [Ag2(dmt)2(suc)
(H2O)$0.5H2O] (2), [Ag2(dmt)2(glu)]n (3), [Ag2(dmt)2(adip)]n (4),
and [Ag2(dmt)2(tpa)]n (5) (dmt ¼ 2,4-diamino-6-methyl-
1,3,5-triazine, H2suc ¼ succinic acid, H2glu ¼ glutaric acid,
H2adip ¼ adipic acid, H2tpa ¼ terephthalic acid) (Scheme 1).
Their structures range from a 0D tetranuclear motif to a 1D
chain, a 2D sheet and a 3D network, revealing that the dicar-
boxylates and the solvent system control the resulting coordi-
nation architectures.2. Experimental
2.1. Materials and methods
All chemicals and solvents used in the syntheses were of
analytical grade and used without further purification. IR
spectra were measured on a Nicolet 330 FTIR Spectrometer in
the range of 4000–400 cm1. Elemental analyses were carried out
on a CE instruments EA 1110 elemental analyzer. Photo-
luminescence spectra were measured on a Hitachi F-4500 Fluo-
rescence Spectrophotometer (slit width: 5 nm; sensitivity: high).
X-Ray powder diffractions were measured on a Panalytical
X-Pert pro diffractometer with Cu-Ka radiation. TG curves were6432 | CrystEngComm, 2011, 13, 6431–6441measured from 25 to 800 C on a SDT Q600 instrument at
a heating rate of 10 C min1 under the N2 atmosphere
(100 mL min1).2.2. Preparation
2.2.1. [Ag2(dmt)2(suc)$H2O]n (1). Reaction of AgNO3
(85 mg, 0.5 mmol), dmt (63 mg, 0.5 mmol) and H2suc (59 mg,
0.5 mmol) in methanol/acetonitrile (10 mL, v/v ¼ 1 : 1) under
ultrasonic treatment (160 W, 40 KHz, 60 C, 10 min) was per-
formed. The resultant colorless solution was allowed to slowly
evaporate at room temperature for two weeks to give colorless
crystals of 1. The crystals were isolated by filtration and washed
with deionized water and dried in air. Yield: ca. 55% based on
AgNO3. Elemental analysis: Anal. Calc. for AgC6H11N5O3: C
32.32, H 3.59, N 22.66%. Found: C 32.69, H 3.31, N 23.01%.
Selected IR peaks (cm1): 3431 (s), 3333 (s), 3128 (s), 1664 (s),
1559 (s), 1418 (m), 1017 (w), 799 (m).
2.2.2. [Ag2(dmt)2(suc)(H2O)$0.5H2O] (2). Synthesis of 2 was
similar to that of 1, but using methanol/ethanol (10 mL, v/v ¼
1 : 1) as solvent. Colorless crystals of 2 were obtained in 68%
yield based on AgNO3. Elemental analysis: Anal. Calc. for
Ag4C24H40N20O11: C 23.70, H 3.32, N 23.04%. Found: C 23.41,
H. 3.45, N 22.88%. Selected IR peaks (cm1): 3424 (s), 3328 (s),
3128 (s), 1660 (s), 1571 (s), 1467 (w), 1408 (m), 1015 (w), 800 (m),
652 (w).
2.2.3. [Ag2(dmt)2(glu)]n (3). Synthesis of 3 was similar to that
of 1, but with H2glu (66 mg, 0.5 mmol) instead of H2suc.
Colorless crystals of 3 were obtained in 57% yield based on
AgNO3. Elemental analysis: Anal. Calc. for Ag2C13H20N10O4: C
26.19, H 3.38, N 23.50%. Found: C 26.01, H. 3.55, N 23.21%.
Selected IR peaks (cm1): 3424 (s), 3336 (s), 3135 (s), 1660 (s),
1571 (s), 1474 (w), 1408 (m), 1022 (w), 807 (m), 570 (w).
2.2.4. [Ag2(dmt)2(adip)]n (4). Synthesis of 4 was similar to
that of 1, but with H2adip (73 mg, 0.5 mmol) instead of H2suc.
Colorless crystals of 4 were obtained in 51% yield based on
AgNO3. Elemental analysis: Anal. Calc. for AgC7H11N5O2: C
27.56, H 3.63, N 22.96%. Found: C 28.01, H. 3.39, N 22.67%.
Selected IR peaks (cm1): 3432 (s), 3328 (s), 3135 (s), 2927 (m),
1660 (s), 1578 (s), 1474 (w), 1408 (m), 1334 (m), 1022 (w),
807 (m).
2.2.5. [Ag2(dmt)2(tpa)]n (5). Synthesis of 5 was similar to that
of 1, but with H2tpa (83 mg, 0.5 mmol) instead of H2suc.
Colorless crystals of 5 were obtained in 50% yield based on
AgNO3. Elemental analysis: Anal. Calc. for AgC8H9N5O2: C
30.50, H 2.88, N 22.23%. Found: C 31.01, H. 2.35, N 22.88%.
Selected IR peaks (cm1): 3432 (s), 3328 (s), 3128 (s), 2927 (m),
1660 (s), 1571 (s), 1474 (w), 1385 (m), 1022 (m), 800 (m), 740 (m).2.3. X-Ray crystallography
Single crystals of the complexes 1–5 with appropriate dimensions
were chosen under an optical microscope and quickly coated
with high vacuum grease (Dow Corning Corporation) before
being mounted on a glass fiber for data collection. Data wereThis journal is ª The Royal Society of Chemistry 2011





























































View Onlinecollected on a Bruker-AXS CCD single-crystal diffractometer
with a graphite-monochromated Mo Ka radiation source (l ¼
0.71073 A) which was equipped with an Oxford Cryosystems
nitrogen gas-flow apparatus. A preliminary orientation matrix
and unit cell parameters were determined from 3 runs of
20 frames each, each frame corresponds to a 0.3 scan in 5 s,
followed by spot integration and least-squares refinement. Data
were measured using u scans of 0.3 per frame for 10 s until
a complete hemisphere had been collected. Cell parameters were
retrieved using SMART software and refined with SAINT on all
observed reflections.22 Data reduction was performed with the
SAINT software and corrected for Lorentz and polarization
effects. Absorption corrections were applied with the program
SADABS.22 In all cases, the highest possible space group was
chosen. All structures were solved by direct methods using
SHELXS-9723 and refined on F2 by full-matrix least-squares
procedures with SHELXL-97.24 Atoms were located from iter-
ative examination of difference F-maps following least squares
refinements of the earlier models. Hydrogen atoms were placed in
calculated positions and included as riding atoms with isotropic
displacement parameters 1.2–1.5 times Ueq of the attached C or
N atoms. The hydrogen atoms in the water molecule were refined
with O–H ¼ 0.85 A and Uiso(H) ¼ 1.2Ueq(O). The O2W was
disordered related to the inversion center and refined isotropi-
cally with half occupancy. The hydrogen atoms in O2W in 2
could not be located but included in the formula and the formula
weight. All structures were examined using the Addsym
subroutine of PLATON25 to assure that no additional symmetry
could be applied to the models. Pertinent crystallographic data
collection and refinement parameters for 1–5 are summarized
in Table 1. Selected bond lengths and angles for 1–5 are listed in
Table 2. The hydrogen bond geometries for 1–5 are shown in
Table S1 (ESI†).This journal is ª The Royal Society of Chemistry 20113. Result and discussion
3.1. Synthesis
The syntheses of complexes 1–5 were carried out in the dark to
avoid photodecomposition and are summarized in Scheme 1. As
is well known, the reactions of Ag(I) with dicarboxylates often
result in the formation of microcrystalline or amorphous insol-
uble silver salts, presumably due to the fast coordination of the
carboxylates to Ag(I) ions to form polymers.26 Hence, properly
lowering the reaction speed, such as using ammoniacal condi-
tions, a layer-separation diffusion method, or even a gel perme-
ation method, may favor the formation of crystalline products.27
Moreover, in this system, the ultrasound technique4d,28 can
realize the rapid (10 min) and efficient (max. 30 different exper-
iments in one batch) preparation of CCs.
3.2. Structure descriptions
3.2.1. [Ag2(dmt)2(suc)$H2O]n (1). Single-crystal X-ray
diffraction analysis reveals that complex 1 presents a 2D sheet
based on a 1D double chain which crystallizes in the space group
P2/n. There are two Ag(I) ions, one dmt, half suc and one lattice
water molecule in the asymmetric unit of 1. The two-fold axis
passes through Ag1, Ag2 and the midpoint of bond C6–C6iii of
suc, as a result, both Ag1 and Ag2 are half-occupied. As depicted
in Fig. 1a, both Ag1 and Ag2 are located in a four-coordinate
geometry and coordinated by two symmetry-related N atoms
from dmt and two symmetry-related O atoms from suc (Ag1–N4
¼ 2.168(3), Ag1–O2 ¼ 2.720(4), Ag2–N3 ¼ 2.471(3), Ag2–O1 ¼
2.283(3) A). Houser and co-workers have proposed a s4
parameter to discriminate the four-coordinate geometries
ranging from ideal square planar (s4 ¼ 0) to tetrahedron
(s4 ¼ 1).29 Intermediate geometries, including trigonal pyramidalCrystEngComm, 2011, 13, 6431–6441 | 6433
Table 1 Crystal data for 1–5a
Complex 1 2 3 4 5
Empirical formula AgC6H11N5O3 Ag4C24H42N20O11 Ag2C13H20N10O4 AgC7H11N5O2 AgC8H9N5O2
Formula weight 309.07 1218.26 596.13 305.08 315.07
Crystal system Monoclinic Triclinic Triclinic Monoclinic Monoclinic
Space group P2/n P1 P1 C2/c P2(1)/c
a/A 9.288(4) 6.915(3) 7.127(3) 11.786(3) 10.551(7)
b/A 10.108(5) 12.114(5) 11.788(5) 23.065(7) 8.536(6)
c/A 11.775(6) 12.735(5) 12.716(5) 8.343(2) 12.311(8)
a/ 90 106.082(6) 62.542(7) 90 90
b/ 112.531(8) 91.756(7) 74.618(7) 123.095(4) 115.375(3)
g/ 90 100.229(7) 75.193(9) 90 90
V/A3 1021.1(8) 1005.1(6) 902.9(6) 1900.0(9) 1001.8(12)
Z, Dcalcd/Mg m
3 4, 2.010 1, 2.009 2, 2.193 8, 2.133 4, 2.089
F(000) 612 600 588 1208 620
m/mm1 1.971 1.999 2.217 2.110 2.005
Ref. collected/unique 4309/1788 5912/3492 4568/3121 5455/1659 4031/1743
Rint 0.0309 0.0379 0.0232 0.0369 0.0543
Parameters 137 268 264 140 146
Final R indicesa [I > 2s(I)] R1 ¼ 0.0318 R1 ¼ 0.0744 R1 ¼ 0.0387 R1 ¼ 0.0331 R1 ¼ 0.0421
wR2 ¼ 0.0836 wR2 ¼ 0.1580 wR2 ¼ 0.0897 wR2 ¼ 0.0844 wR2 ¼ 0.0989
R indices (all data) R1 ¼ 0.0419 R1 ¼ 0.0953 R1 ¼ 0.0491 R1 ¼ 0.0379 R1 ¼ 0.0551
wR2 ¼ 0.0886 wR2 ¼ 0.1681 wR2 ¼ 0.0940 wR2 ¼ 0.0968 wR2 ¼ 0.1028
GOF 1.134 1.168 1.042 1.083 0.990





























































View Onlineand seesaw, fall within the range of 0 to 1.00. The s4 parameter
for Ag1 and Ag2 is 0.23 and 0.76, respectively. So the four-
coordinate geometries for Ag1 and Ag2 are close to square
planar and seesaw, respectively. Both Ag–N and Ag–O bond
lengths are well matched with those observed in similar
complexes.30 The Ag1/Ag2 contact is 3.1058(15) A which is
shorter than twice the van der Waals radii for Ag (3.44 A) and
longer than the Ag/Ag distance (2.88 A) in the silver metal,31
indicating the existence of argentophilicity that promotes the
aggregation of silver centers.32Table 2 Selected bond lengths (A) and angles () for 1–5a
Complex 1
Ag1–N4 2.168(3) Ag2–O1 2.283(3)
Ag1–O2 2.720(4)
N4–Ag1–N4i 168.66(16) N4–Ag1–O2 87.86(12)
N3i–Ag2–N3 95.23(16) O1–Ag2–N3 92.42(11)
Complex 2
Ag1–N1 2.243(8) Ag1–O3i 2.267(7)
Ag2–O1W 2.150(8) Ag2–N6 2.163(8)
N1–Ag1–O3i 138.8(3) N1–Ag1–O1 108.5(3)
Complex 3
Ag1–O3i 2.198(3) Ag1–O2 2.199(3)
Ag2–O1i 2.219(3) Ag2–O4 2.227(3)
Ag2–O4ii 2.616(4)
O3i–Ag1–O2 153.29(14) O3i–Ag1–N1 101.54(14)
O1i–Ag2–O4 154.93(13) O1i–Ag2–N6 101.46(14)
O4–Ag2–N6 102.60(13) O1i–Ag2–O4ii 92.50(12)
Complex 4
Ag1–O2 2.302(3) Ag1–N1 2.335(4)
Ag1/Ag2 2.9097(10)
O2–Ag1–O2i 155.02(13) O2–Ag1–N1 102.49(7)
Complex 5
Ag1–N4 2.222(4) Ag1–N1 2.279(4)
N4–Ag1–N1 136.69(15) N4–Ag1–O1 115.36(16)
N1–Ag1–O2i 93.08(14) O1–Ag1–O2i 127.51(14)
a Symmetry codes: (i)x + 1/2, y,z + 1/2 for 1; (i)x + 1,y + 1,z + 1 for
z + 3/2 for 4; (i) x + 2, y + 1, z + 1 for 5.
6434 | CrystEngComm, 2011, 13, 6431–6441The m2-N,N
0 dmt links the Ag(I) ion to the 1D zigzag single
chain in which the dmt ligands are staggered with each other to
form a dihedral angle of ca. 47 which reflects the steric
hindrance of the two amino and one methyl groups on the tri-
azinyl ring. The neighboring chains connected to the 1D double
chain (Fig. 1b) through the Ag/Ag interaction described above.
In 1, suc ligand adopts the m4-h
1:h1:h1:h1 coordination mode to
link the 1D double chain to a 2D wavy sheet which can be
simplified into a 44-sql net (Fig. 1c) with the window size of
6.46  9.29 A based on the topology analysis. Notably, theAg2–N3 2.471(3) Ag1/Ag2 3.1058(15)
O1–Ag2–O1i 157.71(15) O1–Ag2–N3i 102.62(12)
Ag1–O1 2.384 (8) Ag1/Ag2 3.1463(16)
O3i–Ag1–O1 112.6(3) O1W–Ag2–N6 172.4(3)
Ag1–N1 2.361(4) Ag1/Ag2i 2.9158(10)
Ag2–N6 2.362(4) Ag1/Ag2 3.2347(11)
O2–Ag1–N1 103.61(13) O3i–Ag1–Ag2i 79.94(10)
O4–Ag2–O4ii 77.31(14) N6–Ag2–O4ii 97.94(13)
Ag2–N4 2.490(4) Ag2–O1 2.223(3)
O1i–Ag2–O1 164.09(14) O1–Ag2–N4 97.96(7)
Ag1–O1 2.322(4) Ag1–O2i 2.706(4)
N1–Ag1–O1 98.00(15) N4–Ag1–O2i 88.89(14)
2; (i)x + 2,y + 1,z + 1; (ii)x + 1,y + 1,z + 1 for 3; (i)x + 2, y,
This journal is ª The Royal Society of Chemistry 2011
Fig. 1 (a) The coordination environment of Ag(I) ions in 1 with the
thermal ellipsoids at the 30% probability level. Hydrogen atoms were
omitted for clarity. (Symmetry codes: (i)x + 1/2, y,z + 1/2; (ii)x,y
+ 1,z; (iii)x 1/2, y,z + 1/2.) (b) Presentation of a 1D double chain
incorporating Ag/Ag interaction (purple dashed lines). (c) The 2D sheet
and a simplified 44-sql net.
Fig. 2 (a) The coordination environments of Ag(I) ions in 2 with the
thermal ellipsoids at the 30% probability level. Hydrogen atoms were
omitted for clarity. (Symmetry code: (i) x + 1, y + 1, z + 1.) (b)
Scheme of a 2D 63-hcb supramolecular sheet incorporating an intermo-





























































View Onlinetorsion angle of C5–C6–C6iii–C5iii of suc is 179.1(7) which fits
well with an anti conformation of suc according to the stereo-
chemistry terminology.33 Intrasheet N–H/Osuc hydrogen bonds
with an average distance of 2.864(5) A consolidate the 2D sheet.
The O1W resides in the interstice of adjacent sheets and is
hydrogen bonded with the heterocyclic N atom (O1W/N5vi ¼
2.969(5) A) and the carboxyl O atom (O1W/O2v ¼ 2.793(5) A),
extending the 2D sheets to a 3D supramolecular framework.
(Symmetry codes: (iii) x  1/2, y, z + 1/2; (v) x + 1/2, y + 1,
z  1/2; (vi) x + 1, y + 2, z.)
3.2.2. [Ag2(dmt)2(suc)(H2O)$0.5H2O] (2). Using the same
reactants with a fixed ratio and the same reaction conditions as
those used for 1, but using MeOH/EtOH as solvent media, we
obtained complex 2 as a 0D tetranuclear silver(I) motif. As
shown in Fig. 2a, the asymmetric unit of 2 consists of two crys-
tallographically different Ag(I) ions, two dmt ligands, one suc,
one coordinated water molecule and half lattice water molecule.
The Ag1 adopts a Y-shaped geometry completed by one N
atom of dmt and two O atoms from two different sucThis journal is ª The Royal Society of Chemistry 2011(Ag1–N1 ¼ 2.243(8), Ag1–O3i ¼ 2.267(7), Ag1–O1 ¼ 2.384 (8)
A). The maximum angle around Ag1 is 138.8(3). The Ag2 is
located in a nearly linear two-coordinate geometry with one
water molecule and one N atom of dmt as donors (Ag2–O1W ¼
2.150(8), Ag2–N6 ¼ 2.163(8) A). Taking the long range inter-
actions into account, there are Ag/N and Ag/O weak inter-
actions with distances of 3.057(9) and 2.888(9) A, respectively,
which are a little longer but still fall in the secondary bonding
range (the sum of van der Waals radii of Ag and O is 3.24 A and
Ag and N is 3.27 A).34 (Symmetry code: (i) x + 1, y + 1,
z + 1.)
Tetranuclear 2 is composed of suc-bridged two symmetry-
related dinuclear [Ag2(dmt)2] subunits in which a ligand-
unsupported Ag/Ag separation of 3.1463(16) A was observed
and was slightly longer than that in 1. Two inversion-related
suc ligands with the m2-h
1:h0:h1:h0 mode bind two dinuclear
[Ag2(dmt)2] subunits at opposite sides to give tetranuclear 2.
The conformation of suc in 2 is absolutely different from that
in 1. The torsion angle of four adjacent C atoms (C9–C10–
C11–C12) on suc is 60.7(16), indicating a gauche con-
formation.35a The adoption of a gauche conformation in 2 may
be explained by reasonable low-energy alternatives as observed
in the organodisulfonate system.35b The dissimilar conforma-
tions of suc in 1 and 2 are unambiguously related to different





























































View OnlineThe intramolecular N–H/Osuc (N9/O2 ¼ 2.891(12) A)
hydrogen bond combines with the face-to-face p/p interaction
(Cg1/Cg2 ¼ 3.558(6) A, Cg1 and Cg2 are the centroids of two
crystallographically independent triazinyl rings, Fig. S1†) to
consolidate the discrete tetranuclear molecule. Moreover, the
important intermolecular N–H/N complementary hydrogen
bond36 (the range of N–H/N distances: 2.881(12)–3.099(12) A)
involving two sets of NH donors and N acceptors was also
observed. As we know, in natural systems, complementary
hydrogen bonding between base pairs plays an important role in
the construction of the double helix of DNA, but the artificial
complementary hydrogen bonding system is still sparse.37 The
complementary hydrogen bond pairs extend the tetranuclear 2
into a 2D 63-hcb supramolecular sheet containing irregular
hexagons as shown in Fig. 2b. The coordinated water molecule is
further hydrogen bonded to the suc ligand of the adjacent sheet
(O1W/O2v ¼ 2.957(13) A), extending the 2D sheet to a 3D
supramolecular framework. (Symmetry code: (v) (i) x, y + 1,
z + 1).
3.2.3. [Ag2(dmt)2(glu)]n (3). Complex 3 is a 1D coordination
polymer and crystallizes in a triclinic space group P1. In the
structure of 3, as shown in Fig. 3a, there are two crystallo-
graphically independent Ag(I) ions, two dmt ligands and one glu
ligand. The Ag1 locates in a three-coordinate T-shaped geometry
and coordinates with one N atom of dmt and two O atoms from
two distinct glu. The Ag2 coordinates with one N atom of dmt
and three O atoms from three glu, giving a seesaw geometry, andFig. 3 (a) ORTEP plot showing the coordination environments of Ag(I)
ions in 3 with the thermal ellipsoids at the 30% probability level.
Hydrogen atoms were omitted for clarity. (Symmetry codes: (i) x + 2,
y + 1, z + 1; (ii) x + 1, y + 1, z + 1.) (b) A view of the 1D chain
incorporating the Ag4 quadrangle.
6436 | CrystEngComm, 2011, 13, 6431–6441the s4 value of 0.73 accurately reflects this description. The
average Ag–O distance is 2.292(3) A and two Ag–N distances are
equal (2.361(4) and 2.362(4) A) within the margin of error. Two
kinds of ligand-supported Ag/Ag interactions incorporate their
symmetry-related ones to form a quadrangle in 3: one (Ag1/
Ag2i ¼ 2.9158(10) A) is comparable with the Ag/Ag distance
(2.88 A) in the silver metal and the other (Ag1/Ag2 ¼ 3.2347
(11) A) is just shorter than twice the van der Waals radii for Ag
(3.44 A). (Symmetry code: (i) x + 2, y + 1, z + 1.)
The m5-h
1:h1:h1:h2 glu ligand links Ag(I) ions to a 1D chain
(Fig. 3b), and the dmt ligand monodentately coordinates with it.
The dmt ligands arrange parallel to each other and form intra-
chain face-to-face p/p interaction (Cg1/Cg2 ¼ 3.648(3) A,
Cg1 and Cg2 are the centroids of two crystallographically inde-
pendent triazinyl rings), which combines with the intrachain N–
H/Oglu (average N/Oglu distance: 2.938(6) A) hydrogen bonds
to stabilize the 1D chain (Fig. S2†). As we know, the glutarate
anion possesses a three carbon aliphatic backbone and there exist
three potential conformations: anti–anti, anti–gauche and gau-
che–gauche.17a In 3, two torsion angles formed by adjacent four
carbon atoms on glu are 66.0(6) (C11–C12–C13–C14) and
72.3(6) (C12–C13–C14–C15), respectively, suggesting that the
conformation of glu is gauche–gauche. As indicated by CSD
(Cambridge Structure Database) survey with the help of
ConQuest version 1.3,38 the anti–anti and anti–gauche confor-
mations of glu tend to be favored in CCs, while the gauche–
gauche conformation is not the lowest energy one for dicarbox-
ylates and relatively hard to be observed.39 The most similar
gauche–gauche conformation has been found in a 2D Ag(I)-glu-
tarate sheet39a where the carbon chain of glu shows two torsion
angles of 68.6 and 70.2. Since the glu with the gauche–gauche
conformation looks like a chelating instead of a bridging ligand,
it could not extend the 1D chain to the higher dimensionality.
Furthermore, the interchain N–H/N complementary hydrogen
bonds (the range of N–H/N distances: 3.046(6)-3.080(6) A)
extend the 1D chain to a 3D supramolecular framework
(Fig. S3†).
3.2.4. [Ag2(dmt)2(adip)]n (4). As shown in Fig. 4a, in the
asymmetric unit of 4, there exist two Ag(I) ions, one dmt and half
adip. All metal centers and organic ligands locate in special
positions. In detail, one C2 axis passes through Ag1, Ag2, C4,
C5, N1, N4, C8, and C9 and bisects two dmt ligands, as a result,
both Ag1 and Ag2 are half-occupied. Another two-fold axis
passes through the midpoint of C3–C3ii of adip. The coordina-
tion environments of both Ag1 and Ag2 can be described as a T-
shaped geometry. The T-shaped geometry is defined by two O
atoms from two different adip ligands and one N atom from the
dmt ligand (average Ag–O ¼ 2.122(3) and Ag–N ¼ 2.413(4) A),
and the maximum bond angles around Ag1 and Ag2 are
155.02(13) and 164.09(14), respectively, which deviate from the
ideal 180 due to the coordination effect of the N atom of dmt.
The adip clamps a pair of Ag(I) ions to form a short Ag/Ag
contact with a distance of 2.9097(10) A, comparable to the Ag/
Ag distance (2.88 A) in the silver metal. There are also weak
Ag/N (Ag1/N6v ¼ 2.841(3) A) and Ag/O (Ag2/O1vi ¼
2.933(3) A) interactions indicated by PLATON.25 (Symmetry
codes: (ii) x + 1, y, z + 3/2; (v) x + 2, y + 1, z + 1;
(vi) x + 2, y + 1, z + 2.)This journal is ª The Royal Society of Chemistry 2011
Fig. 4 (a) ORTEP plot showing the coordination environments of Ag(I)
ions in 4 with the thermal ellipsoids at the 30% probability level.
Hydrogen atoms were omitted for clarity. (Symmetry code: (i) x + 2, y,
z + 3/2; (ii) x + 1, y, z + 3/2.) (b) A view of the 1D chain incorpo-
rating an intrachain hydrogen bond (green dashed lines). (c) Perspective
view of the 2D supramolecular sheet built from 1D chain through
complementary N–H/N hydrogen bonds (green dashed lines).
Fig. 5 (a) ORTEP plot showing the coordination environments of Ag(I)
ions in 5 with the thermal ellipsoids at the 30% probability level.
Hydrogen atoms were omitted for clarity. (Symmetry code: (i)x + 2,y
+ 1, z + 1; (iv) x + 1, y + 1, z + 1.) (b) Perspective view of the 3D
(2,4,4)-connected 3-nodal coordination network (purple ball: 4-con-





























































View OnlineThe adipate anion possesses a four carbon aliphatic backbone
and there exist four conformations: gauche–anti–gauche, anti–
anti–anti, anti–anti–gauche and anti–gauche–anti.18a The confor-
mation of adip in 4 was determined from its three torsion angles:
178.2(2), 177.9(4) and 178.2(2), respectively, indicating an anti–
anti–anti adip ligand. It further extends the [Ag2(m1-dmt)2]
subunits to a 1D fishbone-like chain (Fig. 4b) which is
strengthened by intrachain N–H/O hydrogen bonds. Further-
more, the interchain complementary N–H/N hydrogen bonds
(N3/N7iii ¼ 2.949(4) and N6/N2iv ¼ 3.047(4)A) extend the 1D
chain to a 2D supramolecular sheet (Fig. 4c). (Symmetry codes:
(ii) x + 1, y, z + 3/2; (iii) x  1/2, y + 1/2, z; (iv) x + 1/2, y  1/
2, z.)
3.2.5. [Ag2(dmt)2(tpa)]n (5). When using aromatic H2tpa, we
obtained complex 5 as a complicated 3D coordination network.
In the structure of 5, as shown in Fig. 5a, there are one crystal-
lographically independent Ag(I) ion, one dmt and half tpa ligandThis journal is ª The Royal Society of Chemistry 2011lying on the inversion center. The Ag1 locates in the distorted
seesaw geometry, coordinated by two N atoms from two
different dmt and two O atoms from two different tpa ligands
(average Ag–O ¼ 2.514(4) and Ag–N ¼ 2.251(4) A). The s4
parameter for Ag1 is 0.70. The shortest Ag/Ag separation is
4.18 A, indicating that no argentophilic interaction exists in
complex 5. In tpa ligand, the phenyl ring inclines to carboxylate
with a rotation angle of 20.2.
In 5, angular bidentate dmt and m4-h
1:h1:h1:h1 tpa ligands
link the Ag(I) ions to a complicated 3D coordination network
which is consolidated by the N–H/Otpa hydrogen bond and C–
H/p interaction. A better insight into the nature of this
intricate framework is achieved by a topology analysis, reducing
multidimensional structures to simple nodes and connection
nets. We define three kinds of nodes in the structure of 5:
a 4-connected node for tpa, a 2-connected node for dmt, and
a 4-connected node for the Ag(I) center. Three non-equivalent
nodes generate an unusual (2,4,4)-connected 3-nodal net
(Fig. 5b) with the Schl€afli symbol of {4.84.12}2{4
2.82.102}{8}2.
40
To the best of our knowledge, although uninodal 3-, 4-, 5-, 6-,
and even 8-connected nets as well as binodal (3,4)-, (3,5)-, (3,6)-,
(4,6)-, (4,8)-, (3,7)-, (3,9)-, (3,10), and (3,12)-connected nets are
frequently encountered,41 the 3-nodal network is rarely reported
to date, which can be attributed, at least partially, to the finite
kinds of nodes existing in one assembly process.42 The discovery
of this completely new (2,4,4)-connected topology of 5 is useful
at the basic level in the crystal engineering of coordination





























































View Online3.3. Influence of dicarboxylates and solvent systems on
structures
It has been confirmed that the structural diversities of the
complexes 1 and 3–5 are principally related to the auxiliary
dicarboxylate ligands (conformations and coordination modes),
and the solvent effect is responsible for the different structural
motifs between 1 and 2. From the structural analysis, we can
conclude that both kinds of organic ligands have to modify
themselves to satisfy the coordination inclination of metal
centers and the lower energetic arrangement in the self-assembly
process.43
Since complexes 1 and 3–5 were obtained from the same
reactants with a fixed ratio and the reaction conditions but with
different dicarboxylates, undoubtedly, the dicarboxylates with
diverse conformations and coordination modes play an impor-
tant role in controlling the structures of the complexes (Scheme
2). The torsion angles formed by four successive carbon atoms on
the aliphatic dicarboxylates are 179.1(7) for 1, -60.7(16) for 2,
66.0(6) and 72.3(6) for 3, 177.9(4) and 178.2(2) for 4. These lead
to the formation of four different conformations in 1–4. In 1, suc
adopts the m4-h
1:h1:h1:h1 coordination mode and the anti
conformation to link the 1D [Ag2(m2-dmt)2]n double chain to
a 2D wavy sheet. In 3, glu shows a rare gauche–gauche confor-
mation and the m5-h
1:h1:h1:h2 coordination mode and gives 3
a 1D chain. In 4, the coordination mode of adip is the same as
that of suc in 1, but the adip uses the anti–anti–anti coordination
conformation to extend the [Ag2(m1-dmt)2] subunits to the 1D
fishbone-like chain. For 5, the tpa ligand belongs to a rigid
aromatic dicarboxylate and its conformation is out of our
consideration, but as a quadridentate linker it adopts the m4-h
1:
h1:h1:h1 coordination mode to extend the metal center to an
unusual (2,4,4)-connected 3-nodal coordination network.
On the other hand, solvent molecules with different sizes,
polarities, and coordination abilities presented in the coordina-
tion spheres of the metal ions exert their impact on the formation
of CCs.44 Customarily, the solvent-dependent self-assembly
could be classified into two categories depending on a variety of
factors such as the composition of the reactants: (i) solvent
control structures, without being encapsulated by the host
networks; (ii) intercalation of solvent guests in the host adjusts
the supramolecular arrays.45 Complexes 1 and 2 are synthesizedScheme 2 The coordination conformations and modes found in
aliphatic dicarboxylates.
6438 | CrystEngComm, 2011, 13, 6431–6441with the same reactants and the reaction conditions but using
methanol/acetonitrile and methanol/ethanol as solvent systems,
respectively. The methanol, ethanol or acetonitrile molecule,
though in the absence of the products, insensibly regulates the
formation of anti or gauche suc for 1 and 2, respectively. As
a result, different structures are formed between 1 and 2.3.4. FT-IR spectra, X-ray powder diffraction analyses and
thermogravimetric analyses
The IR spectra (Fig. S4†) of complexes 1–5 show that the char-
acteristic bands of the carboxyl groups are located in1660 cm1
for asymmetric stretching and 1460 cm1 for symmetric
stretching. The N–H asymmetric and symmetric stretching bands
are 3424 and 3330 cm1. In order to check the phase purities
of complexes 1–5, the X-ray powder diffraction patterns of them
were recorded at room temperature. As shown in Fig. S5†, the
peak positions of simulated and experimental patterns are in
good agreement with each other, demonstrating the phase purity
of the product. The dissimilarities in intensity may be due to the
preferred orientation of the crystalline powder samples. The
thermogravimetric (TG) analysis was performed in a N2 atmo-
sphere on polycrystalline samples of complexes 1–5 and the TG
curves are shown in Fig. 6. For 1 and 2, a weight loss of 3.64%
(calcd 3.00%) and 5.18% (calcd: 4.44%) at 50–90 and 50–95 C,
respectively, corresponds to complete dehydration. The decom-
position of the anhydrous components of 1 and 2 starts at 202
and 205 C, respectively. As for 3, the TGA curve displays
a weight loss of 62.77% from 175 to 302 C, corresponding to the
loss of dmt and glu (calcd: 63.80%). The TGA curves of 4 and 5
display a character similar to that of 3. The decompositions of 4
and 5 start at 150 and 209 C, respectively, accompanying the
release of the dmt and dicarboxylate ligands.3.5. Photoluminescence properties
Metal–organic networks constructed from closed-shell d10 metal
centers (such as Cu(I) Ag(I) Au(I)) and an organic ligand with
a delocalized p-system are promising candidates for hybrid
photo-active materials with potential applications such as light-
emitting diodes (LEDs).46 Since Ag(I) with a d10 configurationFig. 6 TGA curves for complexes 1–5.
This journal is ª The Royal Society of Chemistry 2011





























































View Onlineprevents stabilization of excited states via the ligand field, LMCT
(ligand-to-metal charge transfer) and LLCT (ligand-to-ligand
charge transfer) transitions govern the photoluminescence of this
kind of complexes. As we know, many Ag(I) complexes are
emissive only at a low temperature owing to the intense spin-
orbital coupling of Ag(I), and the room-temperature photo-
luminescent Ag(I) complexes are scarce.47
The room-temperature photoluminescence spectra of
complexes 1–5 are shown in Fig. 7. The free ligand dmt displays
photoluminescence with the emission maximum at 390 nm (lex ¼
300 nm, Fig. S6†). It can be presumed that this broad peak
originates from the p* / p transition. The emission bands of
dicarboxylate ligands can be assigned to the p*/ n transition as
previously reported.48 Since the emission of the dicarboxylate
ligands resulting from the p* / n transition is very weak
compared to that from the p* / p transition of the dmt ligand,
the dicarboxylate ligands almost have no contribution to the
emissions of as-synthesized 1–5.49 For the emission bands of 1
and 2, the main peaks are located in red-shift positions 398 and
400 nm, respectively. These emissions probably can be assigned
to the Ag(I)-perturbed intraligand (IL) p* / p transition of the
dmt ligand because a very similar emission is also observed for
the dmt ligand. The emissive peak of complex 3 is red-shifted
(40 nm) to 430 nm with respect to that of dmt and can be
tentatively assigned to the LMCT transition mixed with metal-
centered (d–s/d–p) transitions.50 Interestingly, upon a single-
wavelength photo-excitation at 280 nm, 4 and 5 exhibit two (387
and 410 nm) and three (383, 406 and 425 nm) emission maxima,
respectively, as summarized in Table 3. These high energy
emission bands at 387 and 383 nm (1 and 2, respectively) couldTable 3 Photoluminescence emission data for 1–5
Complex lex/nm lem/nm Possible origin
dmt 300 390 p* / p
1 280 398 p* / p
2 280 400 p* / p
3 280 430 LMCT
4 280 387, 410 p* / p and LMCT
5 280 383, 406, 425 p* / p and LMCT
This journal is ª The Royal Society of Chemistry 2011possibly be explained by vibronic progressions, by emission from
a higher excited singlet state, S2, or by a simple emission from the
dmt ligand,51 and the low-energy emission peaks for them are
similar to those of 3 and should also be the LMCT transition
mixed with the metal-centered (d–s/d–p) transition. The different
band shapes in the luminescent emissions might be due to the
different structural motifs. The enhancement of fluorescence in
1–5 is probably due to the coordination of dmt to Ag(I)
enhancing the conformational rigidity of the ligand, thereby
reducing the nonradiative decay of the intraligand p* / p
excited state.52
4. Conclusions
Based on AgNO3, dmt and different dicarboxylates, we synthe-
sized and structurally characterized a series of Ag(I) coordination
complexes, and the present work provides a systemic exploration
on the construction of diverse coordination complexes by
changing the auxiliary ligand and solvent systems. The resultant
complexes, varying from the 0D (2) tetranuclear complex, 1D (3
and 4) chains, 2D (1) sheet to the 3D (5) coordination network,
are profoundly influenced by the different dicarboxylates and
solvent systems. Anyway, this investigation may supply some
new in-depth information on the further design and crystal
engineering of such crystalline materials. In addition, such
coordination complexes display modest thermal stability and
solid-state fluorescent emission.
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